Abstract A diamond-shaped shock wave was created in a helium arcjet plasma. Visible/ultraviolet emission spectroscopy was used to investigate the condition for the formation of stable shocks and to determine characteristics of the plasma. Dependence of the position of the shock front on the gas pressure in the expansion region was investigated. It was found that the shock wave arises from the collision of plasma particles and residual neutral atoms in that region. Continuum and line spectra of neutral helium were measured, from which the electron temperatures were derived. The electron density was deduced from the Inglis-Teller limit of the He I 2p 3 P-3d 3 D series. The temperature and density were found to have almost constant values of 0.2 eV and 8.5×10
Introduction
Various kinds of shock waves have been studied, including conventional shocks in a shock tube [1] , bow shocks [2, 3] , laser-induced shock waves [4, 5] and extracorporeal shock wave therapy (ESWT) [6] . When a high-pressure gas expands through a supersonic nozzle into a vacuum, barrel shocks and Mach disks tend to form, with steep density and temperature gradients [7] . A diamond-shaped shock wave (called a shock diamond ) is observed during the detonation initiating chemical combustion, in which the shock wave and combustion region copropagate.
Arcjet plasmas are of interest in fundamental hydrodynamics [7, 8] , atomic and molecular processes [9∼11] , disposal treatments [12, 13] , and space thrusters [14, 15] . When an arcjet plasma expands through a supersonic nozzle, we find that a shock diamond with a rotational structure can be created. The formation of such a shock strongly depends on the experimental conditions in both the arc discharge and expansion regions. The detailed conditions for their generation are not fully understood. Although a plasma generated in a magnetic field rotates due to the E×B drift, a magnetic field is not used in the present study. The reason for the helical structure of the shock has not been identified. In order to investigate the dependence of the shock formation on the discharge current, nozzle backing pressure, and residual gas in the plasma expansion region, emission spectroscopy in the VIS/UV spectral region is studied here. The electrode gap is around 3 mm, the discharge pressure is up to 1130 Torr, and the helium gas flow rate is 5.0 L/min. The x axis is taken to be in the direction parallel to the plasma expansion, and the y axis perpendicular to it. The zero position along the x axis is at the nozzle exit, and that along the y axis is at the center of the plasma. The arc plasma expands through converging and diverging anode nozzles (having a throat diameter of 1 mm and a divergence angle of 40
Experimental setup
• ) into a low-pressure expansion region. Consequently, the thermal plasma having a temperature of a few eV and a density of 10 17 cm −3 turns into a recombining plasma due to an adiabatic free expansion [9∼11] . The expansion region is evacuated using two rotary pumps which maintain the pressure at 3.8×10 −4 Torr in the absence of discharge. A visible spectrometer with a half-meter focal length is used to characterize the expanding arcjet plasmas. The diffraction grating has 150 grooves/mm for broadband emission measurements and 3600 grooves/mm for high-resolution measurements. The detector is a CCD camera. The emission is imaged by a lens onto the end of an optical fiber bundle having 48 cores. The light exiting the fiber is re-imaged by a lens onto the entrance slit of the spectrometer. The measured spectral range is 300 nm to 700 nm. A two-dimensional (2D) spatial map of the plasma emission is obtained by moving the focal position of the fiber using an optical stage. The spectral sensitivity of the system is calibrated using a xenon discharge lamp.
3 Results and discussion 3.1 Dependence of the shock formation on the discharge conditions Fig. 2 shows a 2D image of the helium neutral emission (at 667 nm for He I 2p
1 P-3d 1 D) at a discharge current of 15 A, voltage of 30 V, nozzle backing pressure of 1130 Torr, and pressure in the expansion region of 6 Torr. Intense emission is observed at x = 6 mm and y = 0 mm, where the shock wave occurs. The emissions at 447 nm (from 2p 3 P-3d 3 D) and at 501 nm (from 2s 1 S-3p 1 P) were also measured, resulting in the same intensity distribution pattern. The bright emission implies that the plasma density and temperature rise sharply at the shock front, although we have to consider the detailed atomic processes. As the residual gas pressure increases, the position of the shock diamonds gradually moves toward the nozzle. This movement indicates that the shock wave in the arcjet plasma is generated by the collision of plasma and neutral particles in the expansion section, similar to the behavior observed in a compressible supersonic gas flow. Consequently, the expansion dynamics can be described in terms of a compressible flow rather than as an electromagnetic fluid.
On the other hand, with increasing discharge current, the gas pressure in the expansion region drops due to a plasma plugging effect. The gas flow rate at the throat of the nozzle decreases due to the high friction arising from frequent collisions between neutral particles and plasma flows [16] . In order to suppress the formation of shocks, the generation of a high-density plasma and the use of a high-capacity pumping system are essential. Fig.3 Dependence of the shock position on the pressure in the expansion region. The He I spectral lines (at 447 nm, 471 nm, 501 nm, 587 nm, 667 nm, and 701 nm) are observed for four shock waves formed in the plasma. The nozzle exit is located at 6 mm, as indicated by the horizontal arrow (color online) 3.2 Determination of the electron temperature and density Fig. 4 plots a typical visible spectrum emitted from a helium arcjet plasma at 15 A and 30 V. The intense continuum spectra originates from both radiative recombination and neutral helium line spectra. The electron temperature and density can be evaluated from these spectra. The emissivity of the recombination radiation is [17, 18] ε(v) = h
where n e is the electron density, n i is the ion density, T e is the electron temperature, g and g z are the statistical weights of the ground state of He and He + , respectively, σ is the photoionization cross section for He 1s
2 , E H is the ionization energy of the H atom, and χ is the ionization energy of He 1s
2 . The electron temperature is obtained from the tangent of a straight line of log{ε(v)/[σ(v)v 3 ]} plotted against photon energy. Fig. 5 shows the calibrated spectral intensity at x = 5 mm and y = 0 mm. Assuming an electron temperature of 0.25 eV, good agreement is then obtained between the experimental and theoretical curves. For high Rydberg states, the condition of a local thermal equilibrium (LTE) is fulfilled, so that the population density n(i) of the ith state is given by the Boltzmann relation [18] n(p)
where g(i) is the statistical weight of the ith level and E(i) is its excitation energy. By observing line spectra of He I 2 3 P-n 3 D up to n = 12, the population densities can be derived. From the slope of log(n/g) against excitation energy, the electron temperature T e of 0.2 eV is computed from Eq. (2). A small difference is found between the temperatures obtained from the continuum spectra and from Eq. (2), although it is within the error bars. It may stem from the weak intensity of the high Rydberg spectra, resulting in an error in the estimate of the population density. Fig. 6 compares the spatial distribution of the electron temperature evaluated from the recombination continuum and by the Boltzmann method. The temperatures agree to within their error bars. No distinct rise or drop of the temperature around the shock is observed, because it is evaluated by averaging the intensity over the line of sight. To more accurately determine the temperature, an Abel inversion must be performed, in which the radial emission distribution is obtained. A preliminary analysis shows that this distribution is significantly different from the line of sight results. The details will be described elsewhere. To determine the plasma density along the expansion axis, high Rydberg spectra from the He I 2 3 Pn 3 D series are measured using the grating having 3600 grooves/mm. According to the Inglis-Teller limit, the density is related to the principal quantum number n s of the last detected line in the series [19] , log(n e + n i ) = 23.26 − 7.5 log n s + 4.5 log z,
where z is the average charge number. Experimentally n s = 16 is measured. Eq. (3) then yields an electron density of n e = 8.5×10 13 cm −3 at x = 5 mm and y = 0 mm, with nearly a constant value between x = 0 mm and 11 mm. A density jump at the shock front is not observed, because it is also evaluated by the line averaged spectral profile.
Conclusion
A helical shock wave was obtained for a He arcjet plasma expanding through a supersonic nozzle. The dependence on the discharge conditions of the shock formation, and a determination of the electron temperature and density were deduced from spectroscopic measurements.
Intense emission at the shock front was observed. The variation of shock position with residual gas pressure indicated that the shock was formed by the collision between plasma and neutral particles in the expansion region. From the continuum and line emission of the neutral helium atoms, the electron temperatures on the expansion axis were respectively evaluated to be 0.25 eV and 0.20 eV. Using the Inglis-Teller relation, the electron density was determined to be 10 14 cm
−3
at x = 5 mm and y = 0 mm. No prominent variation in the plasma parameters along the expansion axis was found.
